Results
large clonal population during a screen for spontaneous mutants (Tabara et al., 1999a) and may thus reflect a single spontaneous lesion (we will henceforth refer to Molecular Identification of rde-4 In previous genetic screens for RNAi-deficient mutants, this allele as ne299). A second allele of rde-4, ne337, was identified in a screen using chemical mutagenesis we found that many C. elegans mutants deficient in RNAi also exhibit additional phenotypes including activation and induces a premature stop codon at amino acid residue 229 of the T20G5.11 product ( Figure 1A ). The rde-4 of transposons in the germline, a low penetrance sterile phenotype, and meiotic chromosome nondisjunction gene is predicted to encode a 385 amino acid protein that contains two copies of a conserved motif found in phenotypes (Tabara et al., 1999a) . These findings suggested that RNAi may play a role in transposon silencing dsRNA binding proteins ( Figures 1B and 1C) . The genetic lesions in rde-4 appear likely to be null mutations, and in other essential functions in the germline. However, paradoxically, the two strongest mutants, rde-1 and consistent with this idea the ne299 allele, when placed in trans to a chromosomal deficiency, exhibited and rde-4, were completely deficient in RNAi but failed to exhibit transposon activation or any other discernible an RNAi-deficient phenotype and no other additional phenotypes (data not shown). phenotypes. Subsequent genetic studies suggested that rde-1 and rde-4 may function upstream in the initiation of RNAi (Grishok et al., 2000) .
RDE-4 Interacts with dsRNA In Vitro and In Vivo
The RDE-4 protein contains two copies of a dsRNA To shed more light on the role of the RDE-4 protein in RNAi, we set out to clone the corresponding gene.
binding motif (dsRBM) that is found in numerous other proteins that interact with dsRNA in a sequence-nonWe first mapped the gene to a small genetic interval and then assayed corresponding DNA sequences from specific manner (reviewed in Fierro-Monti and Mathews, 2000) . Therefore, we first asked whether recombinant the interval for rescue of rde-4 (see Experimental Procedures). rde-4 rescue was mapped to two overlapping RDE-4 could bind to dsRNA by using an in vitro gel shift assay. Labeled dsRNA corresponding to a portion of a cosmid clones, T20G5 and E03F9, and to the single corresponding open reading frame T20G5.11 (Figure GFP cDNA was incubated with GST-fused RDE-4, or with the GST protein alone, and was then run on a native 1A). We next sequenced the T20G5.11 gene in each of the rde-4 mutant strains and found point mutations polyacrylamide gel. The GST-fused RDE-4 efficiently bound to the dsRNA, causing a mobility shift, while the predicted to disrupt the open reading frame of T20G5.11 in each allele. Two alleles, ne299 and ne301, have an GST protein did not (data not shown). In competition assays, dsRNA but not single-stranded RNA efficiently identical lesion, a 1 base insertion creating a premature stop codon at the end of the first exon of T20G5.11 competed for RDE-4 binding (data not shown). Similarly, we asked whether the labeled dsRNA could bind to the ( Figure 1A ). These two alleles were isolated from a single To remove single-stranded RNA, the RNA sample in lane 14 (asterisk) was treated with 10 g/ml RNaseA and 0.5 g/ml RNaseT1. The blot in (B) was hybridized with the sense RNA probe (W). (C) Northern analysis of RDE-4::IPs prepared from wild-type animals and transgenic animals expressing an unc-22-specific dsRNA segment. The transgenic C. elegans line was designed to express a 1400 nt segment of unc-22, indicated by the black bar in the diagram (E), as both sense and antisense RNA. After immunoprecipitation with the anti-RDE-4 antibody, coprecipitated RNA was fractionated on a 1.2% denaturing agarose gel. Northern hybridization was performed with sense RNA probes U and T as illustrated in (E). The size of the unc-22 RNA associated with RDE-4 was approximately 2800 nt, suggesting that the transgenes express dsRNA with a hairpin structure. (D) RDE-4 does not interact detectably with siRNA. Extracts prepared from wild-type animals either not exposed to dsRNA (lane 3) or exposed to pos-1 dsRNA by feeding for 2 days (lanes 4, 5, and 6) were subjected to immunoprecipitations as described above. RNA species were recovered from each fraction and were run on a 12% polyacrylamide sequencing gel. The RNA species were analyzed by Northern hybridization with a sense RNA probe (W). Hybridization was done with a moderate stringency to allow detection of ‫52ف‬ nt RNA species. As controls, lane 1 contained a synthetic RNA oligo corresponding to 21 nt of antisense pos-1 sequence, and lane 2 contained size-marker RNA. We next wished to ask if RDE-4 interacts with dsRNA RNA is double stranded. Little or no pos-1 RNA coimmunoprecipitated with RDE-4, which was purified from during RNAi in vivo. To address this question, polyclonal antibodies were raised against a recombinant RDE-4 populations either not exposed to dsRNA or exposed for only 15 min ( Figure 2D , lane 3; Figure 2A , lane 1). As protein. We then exposed animals to dsRNA targeting the gene pos-1 (Tabara et al., 1999b) . We prepared exexpected, rde-4(ne299) mutants failed to exhibit pos-1 dsRNA in the precipitate (Figure 2A , lane 5). The RDE-4 tracts from these animals and from control animals not exposed to dsRNA, and we used RDE-4-specific antiimmune complex recovered from the rde-1(ne300) and rde-3(ne298) mutant strains exhibited greatly reduced bodies to precipitate the RDE-4 protein complex. The precipitates were extracted to purify any associated quantities of pos-1 dsRNA (Figure 2A , lanes 7 and 9). RNA and analyzed by agarose and acrylamide gel electrophoresis followed by Northern blotting using pos-1 Target mRNA and siRNA Sequences Do Not Coprecipitate with RDE-4 sense and antisense radiolabeled RNA probes. Both the sense and antisense probes detected approximately dsRNA is thought to exist and function at multiple steps in RNAi. First, it functions in the initiation step when long equal amounts of pos-1 RNA that migrated below 350 bases on an agarose gel (Figure 2A, lanes 3 and 11) dsRNA is recognized as foreign. Second, it functions in the execution step when target mRNA is bound by siRNA and migrated in a size range of 50 to 200 bases on an or a mixture of RNaseA and T1 that are single-stranded RNA-specific nucleases (data not shown). These findings suggest that RDE-1 and RDE-4 form a complex in clonal antibody. After electrophoresis, the gel was silver the absence of dsRNA, but cannot rule out the possibility stained to detect components of the RDE-4::GFP imthat dsRNA promotes the interaction or is required for mune complex ( Figure 4C) . These experiments identified the interaction but is protected from digestion in the prominent bands migrating at 210 kilodaltons (kDa) and immune complex.
110 kDa as well as several additional polypeptides that were present in the RDE-4::GFP immune complex but absent in wild-type control animals. A minor band at RDE-4 Forms a Complex with DCR-1 In Vivo In order to identify additional proteins that interact with 125 kDa was identified, corresponding in size to RDE-1, but contained insufficient protein for further analysis RDE-4 in vivo, we isolated large quantities of the RDE-4 immune complex and then resolved its components us-( Figure 4C ). The 210 kDa and 110 kDa bands were subjected to tryptic digestion, and the resulting fragments ing SDS polyacrylamide gel electrophoresis (SDS-PAGE). For this experiment we used rde-4(ne299) muwere then analyzed by mass spectrometry. The peptide mass fingerprints of p210 and p110 were compared with tant animals that were rescued via an RDE-4::GFP fusion protein. We then passed protein extracts prepared from in silico-digested sequences from protein databases (see Experimental Procedures). A total of 21 peptides these transgenic animals and from control wild-type animals over a column conjugated with anti-GFP monofrom the tryptic digestion of p210 matched DCR-1 (Table RNAi assay. The drh-1 and drh-2 genes, on the other directly adjacent to one another on chromosome IV and hand, are more than 81% identical at the nucleotide level appear likely to be expressed together from a single and contain several regions of 40 to 200 nucleotides with promoter. Consistent with this idea, we found that some 100% identity, and are thus expected to crossinterfere F15B10.2 cDNAs were spliced to the trans-spliced in the RNAi assay. There are no extensive regions preleader sequence (sl2), which is often spliced onto the dicted to be unique to either helicase gene and thus it 5Ј end of transcripts encoded by downstream genes in an operon (reviewed in Blumenthal, 1995). We found is doubtful that effective single RNAi is possible. We also targeted D2005.5, which, other than DCR-1, is the recognition within the RNAi gene-silencing pathway. We have shown that RDE-4 forms a complex in vivo with next most similar C. elegans helicase-related gene (Figures 5A and 5B).
DCR-1. However, the RDE-4 protein is not required for development and does not interact detectably with We did not observe any developmental abnormalities in animals exposed to drh-1 or drh-2 dsRNA, injected miRNAs in vivo. These findings suggest a model in which RDE-4 functions as a sensor that recognizes foreign either singly or in combination. However, we found that injection of either drh-1 or drh-2 (or both) dsRNAs rendsRNA and brings this RNA to DCR-1 for processing ( Figure 6A ). 
